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SUMMARY

The primary purpose of the present investigation was to determine
the relation between stresses and plastic strains of wrought aluminum
alloys for three types of loading, tension, compression, and torsion.
A secondary obJective was to identify which essumptions of an ideal
theory of elasto—plasticity are invalid for these alloys.

Tt was found that universal stress-strain curves as predicted by
the theory were not obtained with wrought aluminum alloys. The
observed disagresment between theory and experiment was attributed to
the invalidify of the assumptioms of isotropy, constancy of volums,
continuity of the metal, and linear stress—infinitesimel plastic strain
relations, Falr carrelation between the theory and experimental facts,
however, was obtained with a cast and solution heat—treated
R megnesium alloy which behaved isotropically during plastic deformatism.
Correlation with some of the aluminum alloys was obtained for the
compression and torsion data when shear stresses were plotted as
functions of effective strain, but no theoretical Justification is
avellable at present for this anomaly.

INTRODUCTION

Theories of plasticity have been the subjJect of Interest for many
years. Farly investigations were Inspired principally by scientific
interest in formulating the basic laws of plastic flow. More recently
engineers and metallurgists recognized the value of a theory of
plasticity for solving practical engineering problems.

St. Venant (reference 1) as early as 1870 conducted investigations
under conditions of bilaxial stressing which indicated that
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where Ty{ &nd Ty &Fe the two priucipal stresdes, and Péll, Pegé,
and Pe33 are the infinitesiuml piastic straiis in the principal
directions, More recent inveéstigations by Tode (reference 2), Taylor
and Quinney (rofevence 3); 8ud others yield exverimental wesults which
were in Bubytantial agreement with the dictates of equation (1),
Equation (1), however, merely velates the vaties of small strains with
the state of stress) addditicuul relations are reduired to characterize
the work-herdened state of the ietal, MNedai (referesnce It} suggested
that if the ootahedral shestr st¥ress 18 plotted as & function of the
octahedral shear strain, a generalized work-hardening curve is obtained.
Priger (reforende 5) and alsc Zensr &nd Hollenien (refersnce 6) sugdested
that the inverience of the octahedral shear gtress ani oetahedral shear
strain lead to the universality of the dui¥e for 411 conditions of
stress and strain, .

During World Wer II, resedrch on the Formebility of metals was
carried out under the sponsership 6f ths 0fPice of Scientific Research
and Developmeiit and the War Production Béurd of the Off'ice of
Production Research &nd Develophisttt, The firiimary purpose and irmediate
problem was to obtain empiricel daba tthich conld be applied to
production prroblems. A medond puiFPode WHse to develop & theoretical
approach to plastic—Forming troblend 86 that forming limits could be
calculated From simple aid sasgily obtainsble data, Ad a result of
these investigations, & Fformul theory of plasticity was developed
(references T to 9)s It 18 the PuFpose of the present invesbigation
to compare the plastic behaviar of alumirmm #lioys under seéveral types
of loading with predictichd bused on this 8implified theory.

The authors wish t6 bhank Mp, T, Rébingon for his invalusble help
in donducting the testd, and they express their appreciation to
Mosars, W, ¥, Poiiberton and Miller for theiy help in preparirig speciiens
for tedting, fThis work was eondusted at the Univerdity of Oalifornis
urder the Spohgorship &nd With the Pinsncisl assidténce of the Netional
Advisory Comimiittee for Aerensutics,

SYMB6IS
CFPY P ELTE iﬁfﬁﬁ’;ﬁﬁﬁ%ﬁ 1;:0{:&1, plastic, and elagtic strains,
T4) true stresses
1i, 22, 33 subscripty fer prineipal directicns
XX, Yy 22 subseripty Por nérmal. stresdes and Straing on plahss

o6f firat subseript and in direstien 6f second
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Xy, y2, X subgeripts for phear gtregges and strains

plastic effective ptrain

total effegtive straln
effoctive gtresg
modulus of glasticity
Poiggon's ratiq
hydrostatic tension Gs‘«(rﬂ + Tyy + 7zz)>
o stregs ratio (frgg/‘rl;
gtreps ratio ('r33/711
T load '

© ¢ ® oo e

20, Do, Ap initial gage lepgth, dismeher, and ares, peg,pagti‘vely.
1, D, A instantanecus gage lepgth, diemeter, and drea,
respectively

The theory of slapteo-plasticity hag been proposed for g material
vhich has the following ideglized properties;

(1) The material is eoptimious

(2) Macroseopic homogeneity

(3) Fo Bauschinger effect and elastic aftereffect

(4) Time rate phenomens and crpep &re not pregent

(5) Macroscopic isotropy

(6) Volume durin-g plastic deformation remains congtant

With the assumptions of an ideal material the theory of plasticity
requires a stress and a strain analysis. A stress analysis may be made

by applying the ordinary laws of mechanics; and a straln analysis, by
applying Buclidien geomelry, No assumptions other than thpge contained




in the laws of mechanios and Euclidian gecmetry are necessary. Two significent invariant
quantities result from these analyses, namely:

v "\/(Tn - n’)a - (Tn “'2752)2 - (T“ - Tn)e + 3(1-132 +

which 18 the quadratic deviator stress,

P rg‘/(ren—Pew)a'+(Pen- z) eu—Pen)e 1(1: B p 2 p 2\{\
P |3y = \egy + Gyp + € (3)

THE + -rne) (2)
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whioh is the gquadratic plastic deviator strain. The functions T and Pi,'-b' have been termsd the

effeotive stress and effective strain, respectively, and differ by constants only from the

mnkalralmal ahaan abwnass and M'l-n'hall-nn'l mahanw n+-n-|-n TMrane +ho AsmenT ada PoasseesTodi® o ofl o e o
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it is necossary to establish a relation between the stresmes and the infinitesimel strains and

the work of plastic deformation, These relatlons may be obtalned by making two asgumptions
as followst

I\ R Y S Ry Y | e ame oo MR a2

(7) The infinitesimal plastic atrains are linear functioms of the stresses, eni the

infinitesimal elastlo stralns are linear funotions of the infinitesimal changes in astresses.

(8) The work-hardened state of & metal depends only on the amount of work of plastic
deformation and is independet of the stress or strain path employed.

SCGT *ON NI WOVN
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Assumption (7) results in six plasticity equations of the form

P 3 4P )
‘n=5g€§(7n—é)
3 atF
P‘W’Ed*f(’n‘g)
3 P
Pezz =5d3 (rzz_-e-)
P d
exy'3_'?'5ry
Pe =3d—f§'r
vz T ¥z
P—
P€u=3g-ﬁ-2 'ru
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o

and assumption (8) leads to the universality of the effective stress—
sffective plastic strain relation

7 = 3(P)

(5)

If the generalized Hooke's law is introduced by assuming that the
1lastic properties of the metal are independent of plastic deformation,
i1x elasto-plastic equations result,

€xx = g- d—ég('rn -— 6) + (Li—a—v)dg

€ z=§%g-(z

€yz
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where €xx, €yy, €zz, Sxy, Syz, and €;xy are noy the total

Pe Ee € Pe Be

components of strain; €xx = “Cxx + “Fxxs srsy rrey xy = fxy tCxys

ey atnﬂ- soe

and

g-7 42025 (7)

is the total effective strain or simply effective strain, The relation
between effective stress and effective gtrain is

g = (@) (8)
and like the © — Pa curve, it is a universgl 7 ~ a curye,
Several methods may be employed to check the applicability of the
idealized theory of plasticity under special conditions, Iode (reference 2)

and later Taylor and Quinney (reference 3) made combined gtress studigs
with tubular specimens of various alloys and plotted their resunlts in

v e Pell )
o 5)
- 5(11 = 733)

l('r _T 3> )

where Pell-v Fepp, and T 33 &re the maximum, intermediate, and minimmm

infinitesimal principal plastic strains, respectively. If the plgstiecity
equations (4) are rewritten for ptrincipal strepges and sybstituted into
equations (9), the linear equation

p=v (10)

P (9)

is obtained. The results of Taylor and Quinney, given in figure 1,
illustrate that the agreement between theory and experiment is not
perfect. Prager (reference 5) suggested that the deviation from linearity
between n = v may be due to the presence of cubic and higher power

terms of stress in the stress—strain reletions,

Davis (reference 10) measured the components of finite plastic
strains of plastically deformed tubuler specimens of mild steel under .
esegentially biaxial stress, The loading was so regulated that approxi-—
mately constant stress ratios were maintained up to the point of necking.
Under these conditions, the directions of principal stresses and strains
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rvemtiin unaltered throughout the éntire deformation. The infinitesimal
stréin ¢xy om a fiber in the x~direction at instant +, for example,
iz aldo the gtrain on the fiber which was originally in the x—direction.

Thus , P
B, _ 90

) _.P '
Cxx = 55 at = 4 ey (11)

For these conditions the #ix plasticity equations (4) reduce to -

P—
oy = § L1y, - 7) o (12)
P ]
3 =3 (53~ )

whet's di’¢n ; dP¢22, and aP¢33 gre the infinitesimal plastic strains

of fibers remaining continuously in the principal directions, denoted
by the subscripts 11; 22, and 33, 'JIhe finite principal strains may be
obtained by integration of edusticns (12),

gy, - [a( 7
et o a t e
-3 [(20)en

For sasentially consbant stress ratios ds uséd in the experiments
on mild steel by Davis, the follswing relabtlonsg were maintained:

T B
,1_?_2_ 2 o = Oongtent

Blupuog
T

-y

v

A
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Substitution of o« and B = 0 into equation (2) ylelds

T =% 1-a+al (15)'
and therefore the plasticity equations (equations (13)) reduce to
l N
P l—-=xa P
¢11 = ¢
l—-a+
(D) ., |
oo = &g (16)
2 l—-a+a?
1
7y (a. +1) rg
33 - ; l-a+ a2

The effective plastic strain 1§ 1s cbtained by integration of
equation (3), nemely,

8 p- 2 k By = Fpn)” + (P — P3)" + (Pda3 - Py )
£ = §\f . 2

The amount of plastic work resulting from plastic deformation wmder
conditions that principal stresses result from the applied loads is
glven by

Plastic work = f P 1 d-P¢11 + f Foe Teo d'P¢22 + f a3 733 ¢33
0 0 0

(18)

Substitution of o = Constant and B = 0 into equation (18) and the
conditions given by equations (15) and (16), the plastic work becomes

e Cre e (e

- [ty ey

Plastic work = / 7 7 afg (19)
0

or
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The amount of plastic work, therefore, is the area under a__ o — Pa' curve
and only depends on the amount of deformation, thet is, P@'; it is
independent of the strain or stress path employed.

When the general plasticity equations and assumption (8) are
setisfied, a single 0 — P¢ curve 1s obtained for all conditions of
stressing. The data of Davis (reference 10) for carefully annealed
mild steel replotted in terms of effective stress and effective plastic
atrain up to values of strain at which local plastic flow or necking
occurred are_given in figure 2, Small deviations from the universality
of the T ~— F§ curve were obtained, but in general the -agreement of
theory and experiment is good.

In the present investigation, the universality of the 0o — ¢ curve
and hence the theory of elasto-plasticity is tested for several aluminum
alloys from data obtained for three methods of loading: (a) simple
tengion, (b) simple compression, and (c%_ simple torsion. The
experimental determination of the T — curves from each of these
tests 1s given in the appendix,

SFECIMENS AND MATERTATS

The tension specimens were machined.from %-inch round bars to

A.S.T.M standard specifications for 2-inch gage length, tensile test
bars., The cylindricel compression specimens were 0,500 inch in diameter
end 0,500 inch long, having their axes coincident with the axes of the
original bars. In order to obtain the same sampling, the specimens

wore machined to the same diameter as the tension test bars. The torsion
specimens are of a special design to fit the twist gage and torsion
testing machine employed. The specifications of the torsion test bar

are given in figure 3.

The test materials were standard commercial meteriasls in the form
of rolled round bars and heat—treated to various conditions. Table 1
gives the 13 aluminum alloys selected and their nominel composition.
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TABLE 1
NOMINAL COMPOSTITION OF WROUGHT ALUMINUM ALLOYS

Percent of alloying elements (aluminum and impurities
Alloy _ constitute remainder)
Copper | Silicon | Mangenese | Magnesivm | Chromium | Zinc
25-0
35-0 . 1.2
1781 4.0 0.5
2hs-0 4.5 .6 1.5
aus1r k.5 .6 1.5
oysm80 | k.5 .6 1.5
ohs-r86 | k4.5 .6 1.5
525-0 ' 2.5 0.25
615-0 .25 0.6 1.0 .25
61s-W 25 .6 1.0 .25
61s-1 25 | .6 1.0 .25
758-0 .| 1.6 .2 2.5 .03 | 5.6
T5S-T 1.6 .2 2.5 .03 | 5.6

EXPERIMENTAL EQUIFPMENT AND TECHNIQUE

Tension tests were performed in a Baldwin—Southwark 60,000-pound
testing machine. The accuracy of this machine was approximately
1 percent in load. The specimens were screwed into self-alining grips
to assure axial alinement. The strains were recorded up to the yleld
strength of the material wlth a speclally designed averaging
extensometer. The extensometer had a gage factor of four and was
equipped with a Last-Word dial gage with least divisions of 0.0002 inch.
Estimating readings of the dial gage to the nearest 0.0001 inch resulted

- e ——— - e e ———
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in straein determinatlons to an accuracy of 0.000025 inch per inch.
Extensometer readings were continued to total stralns of approximately
0.00075 inch per inch in order to establish the elastic portion of the
stress—stralin diagrams. Stralns beyond 0.00075 inch per inch were
measured wlth a special dial Indlicator over the 2-inch gage length to
an accuracy of 0.0005 inch per Inch., Beyond the maximm load, strains
were calculated from measurements of the minimm dlameter of the test
bar;- a hend micrometer accurate to 0.0001 inch was used. Maximm and
minimm diameters (diameters of necked section) were measured in ]
directions 90° to each other in order to detect possible anisotropy of
the maeterlals. Loads were applled continuously, and loads and strains
were measured simultaneously. The rate of extension was approximately
0.003 inch per minute of cross—-head speed in the elastic region and
0.010 inch per minute in the plastic region up to deformations resulting
in fracture of the test bar. The rate of plastic deformation resulted
in a rate of change of a of approximately 0.010 per minute. The
rate of change of a with respect to time was approximestely the same
for the three different tests.

The compression tests were performed in a compression fixture
installed in a 60,000~pound Baldwin—Southwark testing machine. The
compression fixture was constructed from a two-post dle set with
parallel ground anvils, All compression speclmens were lubicated wlth
& mixture of 1 pound of graphite per gellon of steam cylinder oil in
order to reduce frictlon between anvil and specimens. The specimens
were compressed in a step~by—step method. The diameters of the
deformed specimens were measured in +two directions at zero load to
yleld the minimm and meximm dismeters. Fresh libricant was applied
between steps.

The torsion tests were performed in a special torsion testing
machine with fixed alinement between driving head and tallstock. A
floating tailstock insured the elimination of a met axial load on the
torsion specimen. Torques were measured with a calibrated torsion
bar, 1ts twist being recorded by lever arm movement and dial gage.

The accuracy of torque measurement was approximstely 10 inch-pounds.
Twists were recorded on a twist gage with a dlrect reading dial having
least division of 0,50°., An additional vernier permitted twist
measurements accurate to 1 minute to be recorded. The gage section
was 4.125 inches long. The twist gage wes equipped with axial
measuring surfaces to permit measurement of axial deformation of the
test bar at any stage of deformation. All tests were run continuously,
and torque and twist were measured simmltaneocusly.

EXPERIMENTAL, RESULTS

Figures 4 and 5 show the experimental nominal stresses and loads
as functions of the natural strains for tension and compression., The
natural strain has been defined in the conventional manner as the
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logaritim of the original area divided by the insgtantaneous area

(loge Ap/A) for tension end as the logarithm of the instanteneous area
divided by the original area (loge A/Ag) for compression. Figure 6
shows the experimental curves for torsion. The data are plotted as
torque against twist per unilt length of bar. The solid ocurves of
Pigures 4, 5, and 6 represent the average results of at least two tests
for each alloy and loading oondition. The experimental points below
fracture are glven as open oiroles, squares, and trlangles, and the
fracture conditlons are indlcated by solid symbols. The solld symbols
representing fracture on the tension dlegrams, however, do not
neocesserlly represent the true fracture points but merely the conditions
et which separation of the test bars ococcurred. The three alloys 28-0,
35-0, and 528-0, which show a sharp knee on the tension diagram during
the final stages of the test, are known to have fractured prior to
separation, This confirmation has been obtained by means of radiographs.
Tensile bars of these alloys were pulled in successive steps during
necking of the bar to permit radiographing the necked bar. It was
obgerved that fracture ocoumrred in the center of the bars at conditimms
approximetely represented by the dlscontinulty of the solid tension
stress—straln curves. No direct evidence is avalleble for the other
alloys, for i1t was impossible to stop the tension tests during the final

stages of necking.

The effectlve stress—effective straln curves for tension, compression,
and torsion, as calculated from the experimental date for the 13 alumirum
alloys investigated, are given in figures 7 to 19. The method, of
calculation for the effective stress-effective straln curves is glven
in the appendix. ZEach curve represents average values of T and
ag calculated from two or more individual tests. For the tenslion data
two curves are glven, & nomlnal tension curve and a corrected tenslon
curve. The nomlinal tension curve was obtalned under the assumption that
during necking the stress 1s glven by the load divlided by the instantaneous
erea, in the neck. It is Xmown, however, that necking introduces a state
of combined stress and, therefore, the tension stress calculated under
the Poregoing assumption 1s In error. Bridgmen (reference 11) suggested
that the effective stress over the minimm section of the bar is
constant and that an approximate true effective stress may be caloulated

by the equation
- L/A
o = (20)
corrected R 1a
(2+2%) 108 (+38)

where

L epplied load
A minimm erea in neck .
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a radius of neck measured at right angles to axls of test bar
R radius of curvature of neck measured parallel to axis of bar

In order to apply equation (20), it was necessery to measure the radius
of curvature R for varlous values of a. These values were obtained
from temslon bars for each alloy by successive loading and unloading.
Between steps, the tenslon bars were removed from the testing machine,
and the radius of curvature was msesured in a Bausch and Lomb contour
projector with e magnification of 50. The correction as given by
equation (20) was then applled to the uncorrected & obtalned from
the average data of continuous tension tests at equal values of
effective strain. It may be observed from the several flgures that
for some alloys, the corrected and uncorrected tension curves deviate
Pfrom each other before the maximm load 1s reached (maximum loads are
Indicated on the uncorrected tension curves by M.L.). This anomaly
has not been fully explained but masy be caused by the initial taper
present in the bar. It was observed that several of the soft aluminum
alloys exhiblted a gradual teper over the gage sectlon before the
maximm load 1s reached.

Figures T to 19 reveal that the & — § curves for each alloy
differ for the different methods of stressing. The torsion curve is
below the tension and compression curve_for all alloys. The slope of
the torsion curve for large values of in general approaches zero;
this indicates that the rate of work-hardening diminlishes. For small
strains, the compression curves of all alloys except 525-0 and 61S-W
are above the tension curves; for 525-0 and 61S-W alloys the order
ig reversed, For large stralns, the slopesa of the compression curves
in general decrease; for geveral alloys the compression curves fall
below the tension curves. Alloys 24S-T80 and 245-1'86 yield curves
in compression, as showmn in flgures 12 and 13, respectively, having
negative slopes In the early stages of plastic deformation; at large
straing, the slopes become positive. The Bridgmen correction lowers
the tenslon curves but falls to yleld coincidence with the torsion or
compresslon curves for all alloys.

It 1s Interesting to note that the stress—straln curves of
Pigure 4 reveal some significant differences between the 24S-I'8 series
end the remalnder of the alloys. All the stress—straln curves, except
those for the 24S-T8 alloys, appear to form a homologous series. Those
which have higher tenslle strength also show correspondingly greater
decreases in flow stress wlth straln beyond the uniform strain,

The 2458 alloys, however, exhiblt an anomalously great decrease in
flow stress wlth strain beyond the uniform, and, therefore, their
curves intersect those belongling to alloys from the homologous serles.
This effect is more pronounced in the 24586 alloy than in the
24,5180 alloy, this fact indicating that 1t may be associated with
the degree of prestraining preliminery to the artificlal aging
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treatment for meking the 24S-T8 series. The compression and torsion
date recorded in Pigures 5 and 6, respectively, also reveal that all
alloys except the 24S-I'80 series form a more or less homologous set.‘] ,

DISCUSSION

Figures T to 19 reveal that the G — a curves for the various
aluminum alloys were unique for each method of straining. Inasmch
as the theory of plasticity demands universallty of these curves for
any particular elloy, 1t appears that some of the assumptions
contained in the theory are incorrect for plastic deformation of the
aluninum alloys wnder consideration. A critical review of the
assumptions, therefore, is required to isolate the factors contributing
4o the obgerved dlsegreement between theory and experiment. The
assumptions stated previously are considered in detall in the following

paragraphs.

(1) The medium is continuous. This assumption is usually made in
treating mediums in certain branches of science, such as hydrodynamics.
For metals this assumption may not be valld, since microdiscontinuities
usually exlst, such as dispersion of hard brittle phases in a ductile
matrix. Microcracks are another possible type of discontinulties in
metals. In the case of aluminum alloys, density changes observed for
the 61S-T alloy during plastic deformation may be duwe to the presence
of microcracks.

(2) Macroscopic homogeneity. Metals in general are not
microscopically homogeneous, but thelr elastic and plastic properties
are substantlally the same when averaged over small reglons about
each point at identical states of work—hardening. The assumpfion of
macroscopic homogeneity, however, 1s not completely fulfilled by
metals., The formation of Lueder's lines and necking observed in a
tenslon test are examples of monhomogeneous deformation. No attempd
was made to test macroscoplc homogeneity in the present Investigation.

(3) No Bauschinger effect and elastic aftereffect. Elastic after—
effects are small relative to large plastic strains and therefore are
not believed to be important in the present study. Since all tests,
except one to be discussed later, were conducted without reversal of
stressing, the Bauschinger effect was ebsent in the present study.

(1) Time rate phenomene and creep are not present. At
elevated temperatures, rate phencmena assume paramount Ilmportance,
whereas at lower temperatures the work—hardened state is the more
gignificant factor. Rate effects and time effects (creep) appear to
influence the plastic deformation little, if the metal retains the
cold—worked state. This is substantially true for aluminum alloys
deformed slowly at atmospheric temperatures. Furthermore, an effort
was made to maintaln approximately the seme strain rate in all tests.



NACA TN No. 1552 15

(5) Macroscoplic lsotropy. Macroscopic lsotropy is seldom present
in real metals. A metal may be lsotropic initially but during plastic
deformation develops various types of anlsotropy depending on the kind
of loading and the extent of deformatlon. Wrought metals exhlbit
enigotropy because of preferred orientation of greing and mechanical
fibering of the varlous phases present, and they develop additional
enisotropic characteristics as the metal is deformed. The assumption
of isotropy is posslbly the weakest part of the theory. The data
obtalned for aluminum alloys when tested In compression and tenslon
- revealed that anlsotropy was present during plastic deformatiom.

Cross sections of the test bars inltlally round becams elliptical in
the deformed bar.

In order to test the applicability of the ideal theory to an
isotropic material and possibly to lsolate anisotropy as a factor
contributing to dlsagreement between theory and experiment, it is
necessary to investlgate the plastic behavior of lsotroplic metals.
Such metel was avallaeble in carefully cast specimens of R magnesium
alloy. Tension, compression, and torsion tests were, therefore, made
with this alloy in'the_as—cast and solution heat—treated conditions.
Agreement of the T — a curves 1s falr, as revealed in flgures 20
and 21. For example, the deviatlon In stress at values of a= 0.05
from a mean value for the solutlion heat~treated alloy is approxi-
mately k3 percent. At greater effective strains the deviation
increases. In general, however, the agreement between theory and
experiment 1s fair for the cast and subsequently solutlon heat—treated
R magnesium alloys. Agreement obtained with these alloys, however,
does not establish enilsotropy as the maln factor contributing to the
disagreement obtalned wilth alumlnum alloys. It is necessary, therefore,
to examine the aluminum-alloy data in greater detall. This may be
eccomplished by analyzing the torsion data.

If a solld circular cyl:lmier 1s subJected to simple torsion, the
deformation may be described by the transformation of a polnt at r,,

8, &and zg Initially but at instent + at polnt r, 6, and sz,
n&mely,

0
9=90+Zot
Z=Zo

where
r radius of a point initially at rg

e angular displacement of point Initlally at 4,
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-4 distance of point along coordinate axis initially at point 1z
t extent of deformation; twist in radians per wnit length of bar

The trensformation as given by equation (21), therefore, describes
deformation by angular displacements of points lying In planes
perpendiculer to the axlis of the cylinder. Fibers in a test bar
originally alined with the specimen axis suffer deformation by twlsting
only, and no changes in dimensions of the bar occur. R magnesium alloys,
within the accuracy of experimental measurements, are known to follow
the foregoing deformation., In the case of the aluminum alloys, however,
twisting of axially alined fibers was accompanied by dimensional changes
of the test bars. The experimental evidence is presented in figure 22.
In order to account for this anomaly, the equatlons relating stress and
gstrain of the present theory must be reexamined.

The assumed linear relation between stress and infinitesimal
plastic strain results in the following six equations:

€W=6A21TE+G-A-22TW+-o‘.+aav+¢oo+-o.

o W

H

€zz =d-A.31TE F o 0o ot o o e F ¢ 0 0o F o 0 ot o o o
P 5 (22)
e o o F o 6 0ot o 0o ot o 0o e F o 6 0o F o o o
“xy
PE =. L * + o L] . + ® * L d + L [ d L d + LJ [ ] * + Ll ® L d
yz
P

€yx =Ohg Ty + QhgoTyy + dhg3Ty, + dAGTyy + AAGSTy, + AAGAT oy 3

Tn these equations, the linear relations are characterized by 36 moduli
of the form dA4 J° The infinitesimal moduli aaAy j e&re parameters

analogous to the moduli of elasticity, and they have dimensions of
infinitesimal strain divided by stress. For isotroplc materials,
equations (22) reduce to equations (k). If simple torsion is consldered,
all stresses of equations (22) venish except the shear stress Txys

vhich is induced by the applied torque. The six plastlclity equations,
therefore, reduce to

P“'xx = ) Ty

Feyy = Ghoy ey

Pezz =dAy Ty b (23)
Feyy = W, oy

Peyz = U5 oy

Pezx = dAg) Txy J
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The reported change in length during twisting demands that the
modulus dA;) exist. Additional studies on reversing the direction

of twisting yleld the results recorded In figure 23. These data prove
that dag); is a compliceted function of the previous strain history.

Immediately upon reversal of the stress, the magnitude of dA,) changes;

but as deformaetion continues In the new dlrection of twisting, the
value of dA;) changes magnitude and sign. The Incorporation of such

facts in any simple theory of plasticity will Indeed be difficult.

Flgure 22 shows that continuous twlsting of solld aluminum-alloy
bars results in extensions of the bars, the magnitude of which depends
on the amowmt of twist and the kind of alloy. The slopes of the curves
give a measure of the anisotropy present at any stage, and the rate of
change of the slopes, the. change in the anlsotropy of the alloys.
Slopes which are zero initlally indicate zero initlal anisotropy of the
materials, for example, 35-0 alloy; slopes greater than zero indicate
initial enisotropy of the materials, such as 61S-T alloy. A constant
slope throughout the test, for example, the curves for 61s-T alloy,
indicates constant anisotropy throughout the deformation. A changing
slope indicates chenging anisotropy of the alloy. Alloy 3S-0
accordingly is isotropic initially but develops anisotropic character—
istics at large deformations.

(6) Volume dwring plastic deformation remains constent. It is
usually accepted that volume changes during plastlic deformation are
emall. The present theory of plasticity cen be modified to incorporate
volume chenges, bubt the equations become more complicated. In order
to test the applicability of the assumption of constancy of volume,
the density of 61S-T alloy was determined for several conditions of
deformation. The results are shown in figure 24. The experimental
values for the compression curve were obtained with the same test bar
at various stages of deformation. The tension values were obtalned
from three sectioms of a deformed tenslon bar; density at the
largest a corresponds to the density of the necked reglon. For the
torsion points, only two values were avallable, the density of the
wmdeformed bar which was obtailned from the grip section and that of
the deformed bar from the gage section of_ the bar, The denslty value
of the deformed torsion bar refers to a a which corresponds to the
outer Piber strain and is not directly comparable with the other test
results. Varilations of denslty of the several undeformed test bars,
corresponding to the experimental points at a = 0, were small when
compared with the density changes observed in the deformed bars. It
is evident, therefore, that volume during plastic deformation depends
on the extent and kind of deformation. The denslty measurements,
incomplete as they ere, indicate that the assuwmption of constancy of
volume may not be realized.
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In order to explain the phenomena of denslty varilations during
plastic deformation, & miorocrack hypothesls may be postulated. Random
microcracks present in the Initial bar, for example, would temd to
enlarge during tenslle loading. In compression loading, however, it
1s possible to visualize a partial closing of these cracks, thus
accomnting for the observed trends in denslty with straining. Such
differences in density change and their possible association with
microcracks may well induce dlfferences in the o — a curves for
tension and compression.

(7) The infinitesimal plastic strains are linear functions of the
stresses. The assumption of linearity between stress and infinitesimal
strain leads to a desirable simplification of the plasticity equatlioms.
The observed deviations in the G — a curves of solutlon heat—treated
R magnesium alloys may possibly be due to this oversimplification of
naturel phenomens. Prager (reference 5) suggested that e power series
in stress in the stress—straln relatlons appiied to soms experimental
conbined—stress data gave better agreement than the linear relation.
Tnasmch as a linear stress—Infinitesimal plastic strain theory leads
to desirable simplifications in describing the plastlo~flow phenomenon,
1t should be retained at present until such time as this hypothesis
becomes untenable.

Tt 1s interesting to note that closer egreement between the torsion

and compression data is obtalned when shear stresses are plotted as
fumctions of effective strain. The order of relatlive agreement is shown

in table 2.

TABLE 2

RELATIVE AGREEMENT BETWEEN TORSION AND
COMPRESSION CURVES OF ALUMINUM ALIOYS IF DATA ARE

PLOTTED AS SHEAR STRESS AS A FUNCTION OF EFFECTIVE STRAIN

Good Falr * Poor
2hs-0 28-0 528-0
61s-0 35-0 . 17S-T
245186 ohsap 61s-¥W
755-0 245180 . 61s-1
7551

The poorest agreement between the shear stress agalnst effective strain
for any particular alloy is better, however, than that of the T —
curves. This anomaly cannot be explained at present, as a shear stress
theory would lead to & nonsymmetrical theory.
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CONCLUSIONS

l. The ldealized theory for plastic deformation of work—
hardeneble metels is falrly valid for some applicatlons. For example,
tension, compression, and torsion curves for initially isotropic
R megnesium alloys and for 25-0, 525-0, and 61S-W alloys are suitably
correlated by this theory for straing up to about 0.06.

2, The idealized theory for plastic deformatlon of work—
hardenable metals does not provide an accurate basls for analysis of
wrought aluminum alloys. Tenslon, compression, and torsion datae
obtalned for 13 aluminum alloys do not correlate well wlth analyses
based upon the theary. .

3. Anlsotropy of plastic deformation, dlscontinuity of the

structure, and denslty verlations with deformetion and type of loading
probably contribute to fallure of the theory.

L. Other factors such as the assumption of linearity between
stress and Infinitesimal strains may also contribute to fallure of
the theory.

5. Correlation is obtalned between torslon and compression data
for & Pew of the aluminum alloys tested, 1f the maximm shear stress is
plotted: as a function of the effective strain. Theoretical Justification
for this method of correlation, however, has not been establlshed.

6. No general theory is avallsble at present to correlate the
plastic flow of metals.

University of Callfornla
Berkeley, Calif., March 26, 1947
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APPENDIX

CALCULATTON OF EFFECTIVE STRESS AND EFFECTIVE STRAIN FROM TENSION,
TORSTON, AND COMPRESSION DATA OF CIRCULAR SOLID BARS
Tension Test

The effective stress & of equation (2) in the text reduces to

Fe o, =k (a1)
where
Ty axlel true stress
L epplied load
A instantaneous area of bar at load L
D instanteneous diameter of bar measured umder load L

for isotropic deformation

Dpaxs Pmin maximm and minimm dlameters of test ber, respectively,
wmder load 1. for anisotropic deformation

The effectlve strain a 18 composed of two parts as glven by
equation (7) of the text
P o(1 + V) =
= + c
§=¢ 38

and for the case of simple tension reduces to

_¢7=1089 (%) .,.__2_(.:!-;;_1l3: (A2)

where
9 - initial gage length of bar
Pz gege length of deformed bar after removal of load

Tnasmich as extension measurements of the bar up to the maximum
load were made wnder load, it 1s necessary to introduce 1, +the gage
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length of the bar at load 1L, into equation (A2). Substituting

1= (1+ %) Py into equation (A2) results in
# = 108, (- »{=d (43)
o) 3E

end all quantlties are determineable.
Extensions beyond the maximm load are unsultable for calculating
the effective straln, and therefore diameter measuremsnts at the

minimm section of the bar were substituted. If D and FD are the
diemeters under load and er release of load, respectively, the

relation between D and is
- G- o

For condlition of constancy of volume the plastic effective straln
becomes ’

e @) - ()l h)

Substituting equations (Ak) and (A5) in equation (A2) ylelds

- . 2 '
g = 1%8(373——3) +(2-v) L (45)

A1l quentitles for the construction of a @ — a curve as glven by
equations (Al) and (A2) or (A6) are availlable from measurements.

Compression Test

 The effective stress is calculated from the expression

ML _ AL
ED? "(PDmax Dmin)

where I 1s the load reached jJust before reducing it to zero and Pp
1s the dlemeter after the load has been released to zero. The
quentities 1L and Pp are measured in thlg test for various increments
of load. The use of equation (A7) results in a small error of &
because of neglecting the elastic correction on the cross—sectional

o=

(AT)
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area. The effective strain as given by equation (3) of the text
reduces’ to ’

g = log, -P”m————;—PDm + 20 tY) 4 (48)
. i Do 3E
and all gquantities are determinable.

Torsion Test

The effectlve stress for a solid cylindrica.l bar loaded in torslon

(reference 12) redutes to
( ) (& (29)

_Ry |
g Vel _ (A10)

and the effectlve straln

where .

Ro initial radius

t twist In radlans per unit gage length
T torque, inch-pounds

The value of G of equation (A9) may be readily calculated from a
plot of the experimentel torque—twlst curve.
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Figure 4.- Tension tests of various aluminum alloys.
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Figure 5.- Compression tests of various aluminum alloys.
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Figure 7.- Effective stress-effective strain curves for 25-0 aluminum alloy.
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Figure 16.- Effective stress-effective strain curves for 61S-W aluminum alloy.
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